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SUMMARY

Currently, the United States is investigating methods to close the nuclear fuel cycle

and increase the use of nuclear power for electricity and cogeneration applications. Congress

has called for and held hearings in an attempt to determine an appropriate path forward for

reprocessing of nuclear fuel. However, each current proposed method presents a different

set of attributes with regards to: Complexity, safety, wastes, and proliferation risks.

This thesis provides a decision analysis methodology for approaching the reprocessing

issue. The presented methodology builds on the previous work done in the 1970’s. Further,

current reprocessing technologies which are capable of processing the oxide fuels utilized

in the majority of United States reactors are evaluated across ten attributes related to

reprocessing performance. A weighted total score is provided for each reprocessing method

in order to separate the technological from political or emotional issues related to selection

of a process.

While it is not the goal of this thesis to select a particular ‘best’ technology, application of

this methodology results in the selection of the COmbined EXtraction (COEX) technology

when equal weighting is put on the attributes as defined. It is unlikely that a decision maker

will approach this decision with equal weighting; however, actual decision maker weightings

are known only to the decision makers. By altering the weightings, different technologies

are selected.
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CHAPTER I

INTRODUCTION

Reprocessing of used nuclear fuel will be necessary to continue nuclear power into the future.

There are a multitude of possible methods to employ in a future fuel cycle. Several instances

in the literature focus on the operation of a future fuel cycle, be it a combination of fast and

thermal reactors, a fully fast reactor fuel cycle, a continuation of open fuel cycle practices,

or another idea, like the DUPIC process where used light water reactor (LWR) fuel would

be directly input to heavy water reactors [30, 57, 77, 49]. A necessary component of all but

the open fuel cycle continuum require a reprocessing technology which can satisfy technical

and political requirements, and some argue that the open fuel cycle option would benefit

by separations as well [39, 74]. The sheer volume of spent nuclear fuel stored and produced

in the United States is cause for interest in separation of usable materials; based on the

reported legacy stored fuel and a rate of 2,000 metric tons of heavy metal (MTHM) used

commercial fuel per year, there will be over 55,000 MTHM used nuclear fuel in the U.S. by

the end of this year [14].

In this paper, reprocessing methods which can separate components of used nuclear fuel

are compared over several attributes. This comparison is accomplished through Multiat-

tribute Utility Theory which is a common tool for decision analysis.

1.1 Why a decision methodology?

A decision methodology is necessary for consistency, transparency, and clarity. Due to the

special significance of nuclear fuel, ultimate decisions for a particular reprocessing technol-

ogy in the United States will be made in the public realm. This does not mean that citizens

will vote for a technology, but more that the path forward will ultimately be chosen by

elected or appointed government officials rather than industry. In fact, the Energy and Wa-

ter Development Appropriations Act for fiscal year 2006 includes a House report (109-086)

requiring the Department of Energy to recommend a specific reprocessing technology by
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2007 [23].

As with any technically intensive policy decision, there is a problem for lawmakers when

the technical experts are not in agreement, “How can politicians tell the public which experts

to believe?” [12]. Also, how are lawmakers to find the time to understand the arguments

given by conflicting scientific or technical experts advocating different sides, “political lead-

ers will not be able to spend the time necessary to understand scientific debates in sufficient

depth to distinguish the relative validity of positions taken by sophisticated advocates”

[52]. LaPorte (1978) argued that lack of information and attention to the consequences of

radioactive waste management forces speculation in public debate, and he stated, “careful

description of the technical alternatives is necessary to proceed to the next step” [65].

There also exists the problem that technical advisers to political decision makers often

become involved in the political as well as moral issues related to the scientific or technical

evaluation at hand. “[W]e must recognize that the moral responsibility which many scien-

tists feel very deeply can easily affect their judgement as to the state of scientific fact when

the scientific facts are not yet crystal clear . . . do not believe it is possible for scientists to

have deeply held moral and political views about a question and simultaneously maintain

complete objectivity concerning its scientific components” [52]. Morality must be consid-

ered; however, an attempt should be made to separate the technical and moral, political,

or emotional issues. The presented methodology attempts to do address this issue.

Further, Lagus (2005) acknowledges, “One of the mistakes made during early nuclear

reprocessing was the relative immaturity of the technology at the time of deployment. The

U.S. reprocessing industry has become nonexistent because of this mistake, and therefore

the country must remain cautious to prevent similar errors that could damage the reputation

of the technology. Deployment should not take place until a fully realized solution can be

found” [62]. While questions surround ‘what might have worked’ regarding specific causality

of the decline in reprocessing in the U.S., Lagus’ point is well made for the surrounding

uncertainty and need for a firm solution.

2



1.2 Overview of analysis

This analysis uses several overarching issues, related to reprocessing of used nuclear fuel,

to compare the ten different technologies shown in Table 1. Each issue is broken down

into the lowest level technical attributes. The low-level attributes are combined to form

an overall score for each technology. The premise behind such an organization of technical

points is to break the technical components (attributes) away from the political (and social

or emotional) components (weights).

Table 1: Technologies Evaluated
Aqueous Processes Pyroprocesses
PUREX LiCl-KCl
COEX NaCl-KCl
UREX Flouride Volatility
UREX+1 FLUOREXa

UREX+2
Supercritical CO2

The political components can be added by assigning weights to various attributes when

developing the overall scores. Part of multiattribute utility theory is quantifying the decision

makers’ preferences with regards to importance of attributes [47]. This analysis offers

equally weighted attributes as a non-influenced nominal case. Also, some manipulation of

weightings is offered for example and discussion.

1.3 Intended use of analysis

This analysis is intended to be a dynamic approach which can be used by decision mak-

ers when approaching the problem of selecting a specific reprocessing technology. Decision

makers can modify the weightings to select a technology which meets all of their required

parameters. Chairwoman Biggert addressed a hearing before the House committee on sci-

ence, subcommittee on energy on this issue, “Technology decisions for reprocessing must

take into account technology and policy decisions for the entire fuel cycle” [24].

It is beyond the scope of this report to analyze the multitude of possibilities which exist

when considering the entire fuel cycle; however, it is expected that decision makers can

assign utility to reprocessing issues based on the effects or needs in the rest of the fuel
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cycle. Because each decision maker may have different utility rankings (i.e. one may see

proliferation risk as the most important determinant of technology while another may see

flexibility as the most important determinant), the analysis allows for different assignment

of weight, or utility, to each attribute. For example, when Shane Johnson, Department

of Energy Office of Nuclear Energy, was asked by the subcommittee hearing, “How will

DOE select a reprocessing technology for the future? What factors will be taken into

account?”, he replied (in a written statement), “The selection of a reprocessing technology

is dependent on economics, reliability, ease of scale-up and considerations related to safety

and proliferation resistance. Advanced aqueous processing are the best suited to treat spent

nuclear fuel being stored and generated today...Pyrochemical processes may be better suited

for spent fuel from advanced fast reactors” [24]. No clear preference was stated, but inferred

utility could select that the weight is higher for economics than for proliferation resistance

based on order of statement; the author is doubtful that this is the case. Because true

preferences are not always directly stated, it is important to have flexibility in the analysis

method.

Due to the previously mentioned Energy and Water Development Act requirements,

the ultimate decision on reprocessing technology in the United States will be made in the

executive arena, at the Department of Energy. The decision makers within the executive

branch have been described by Hamlett (1991) as “largely insulated from changing political

trends, [but] their agencies are often caught up in presidential politics and the alterations in

party control of the administration.” [42]. The 2007 deadline is still within the timeframe of

the current administration, so a political change is not expected to influence this decision;

however, a new administration may review the decision or negate it altogether. It is not

clear how the preferences of the decision makers in the executive compare to those in the

legislative or the public arenas.
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CHAPTER II

BACKGROUND

This thesis attempts to provide a decision method for reprocessing technology. While there

has been quite a bit of recent technical work on reprocessing methods for used nuclear fuel,

the current literature does not address how a process will be chosen for implementation. In

fact, most papers on reprocessing methods discuss only the experiment at hand and do not

put their work into the context of a nuclear future.

An overview of reprocessing is presented to bring this paper in context. A methodology

for comparing reprocessing methods which was originally published in 1978 by Selvaduray

and Goldstein, and not addressed significantly since then, provides a foundation for the

presented methodology, and the former is described in this section. The science of decision

analysis provides theoretical standing for investigating a framework for such a methodology;

a brief review of part of this theory is provided at the end of this chapter.

2.1 Overview of Reprocessing

Reprocessing of spent nuclear fuel refers to a separations process with the function of frac-

tionation. Separation processes can be broadly described as “any set of operations that

separate solutions of two or more components into two or more products that differ in

composition”, and separation is “achieved by exploiting chemical and physical property

differences between the substances through the use of a separating agent” [3]. While some

of the technologies have changed over the years, the main technical objectives for conduct-

ing these separations are still the same as stated by Benedict (1981), “1)recover uranium

and plutonium, and thorium if present, for reuse as nuclear fuels; 2) to remove radioactive

and neutron-absorbing fission products from them, and 3) to convert the radioactive con-

stituents of spent fuel into forms suitable for safe, long-term storage.” [10]. The motivation

for the continued processing of used nuclear fuel can be found in Table 2 as the bulk of used

nuclear fuel is reusable material.
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Table 2: Composition of Used Nuclear Fuel
Element or group Percent, by weight
uranium 95.6
fission products, stable and short-lived 0.3
plutonium 0.9
cesium and strontium 0.3
minor actinides (Np, Cm, Am) 0.1
iodine and technetium 0.1

2.1.1 Reprocessing history

Originally, reprocessing was carried out with a bismuth phosphate process developed at the

Oak Ridge National Laboratory and utilized at the Hanford, Washington site beginning in

1944 [31]. This method required several stages including dissolution of the cladding ma-

terial and precipitate formation along with centrifuge steps. The dissolution step removed

the cladding from the fuel. The fuel material, in nitric acid, would then be treated with

sodium nitrate for reduction of plutonium; BiPO4 would precipitate tetravalent plutonium.

Uranium and most of the fission products were discarded as a heavy metal waste. The pluto-

nium was further purified in decontamination steps. Disadvantages included not separating

uranium, operating in batches, and large amounts of waste and chemicals [10].

A new process was developed at Argonne National Laboratory (ANL) which used RE-

duction and OXidation (REDOX). This aqueous process involved aluminum nitrate in the

aqueous phase with hexone as the solvent for extraction. It led to less waste, more com-

plete extraction, and continuous operations which were seen as advantages over the bismuth

phosphate process, but had a drawback of large amounts of aluminum nitrate being used

[13] REDOX, or a modified REDOX process, was used at Hanford and at Idaho Chemical

Processing Plant. The disadvantages “were the volatility and flammability of the hexone

solvent and the large amounts of nonvolatile reagents such as Al(NO3)3 added to the ra-

dioactive wastes” [10].

Scientists at Oak Ridge National Laboratory also developed the plutonium and uranium

extraction (PUREX) process which is used throughout the world today. All commercial

reprocessing plants in operation today use this technology. PUREX reprocessing involves a
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bath of nitric acid and solvent extraction of plutonium and uranium with tributyl phosphate

(TBP) in a hydrocarbon diluent [10]. Adaptations have been applied to the PUREX process

to make it more useful for treatment of waste and civilian use. With the addition of a

second extraction stage, minor actinides can be removed for waste treatment. Modifying

the process in 1999, U.S. scientists extracted only uranium, making the process called

uranium extraction (UREX). The UREX process adds acetohydroxamic acid (AHA) which

reduces the extractability of plutonium and neptunium [53].

Initial research in pyroprocessing was carried out by the Department of Energy for

treatment of spent fuel from Experimental Breeder Reactor II (EBR-II). A melt-refining

process was developed which recovered actinides while removing volatile fission products

from this metal fuel [102]. Because this process provided only offered partial separation

of actinides and was not able to separate plutonium which was considered desirable at the

time, it was not adopted [63].

2.1.2 Reprocessing today

Reprocessing of nuclear fuel is a globally existing technology, regardless of the specific

process utilized. By 2005, more than 75,000 MTHM spent nuclear fuel had been processed

world-wide [79]. Broadly, the technologies for separating/fractionating used nuclear fuel

fall into either aqueous or non-aqueous processes, as shown in Table 1 (Introduction). Each

of the examined technologies in this analysis are described in detail in the Technologies

chapter.

While it is generally expected that reprocessing of used nuclear fuel will be followed by

additional use of the fissile and/or the fertile nuclides, there is not a consensus as to which

direction is most likely. It is beyond the scope of this analysis to evaluate the feasibility

of a particular advanced fuel cycle or reprocessing of fuel which differs from the current

oxide fuels. The nuclear community does express that reprocessing of additional cycles

will present new technical challenges; for example, considering Mixed Oxide Fuel (MOX):

“Reprocessing of a spent MOX fuel load is technically feasible but much more difficult than

reprocessing of conventional UO2 spent fuel . . . increased criticality risk during dissolution,
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increased solvent degradation due to higher alpha emissions, DBP complexes strongly with

Pu species which increases complexity, heat generation increases, and leads to need for

remote fuel fabrication”[6].

2.2 Detail on previous methodology

The previous comparison method presented by Selvaduray and Goldstein (1978), is heavily

drawn from in order to present a summary in this section [37, 97, 96]. Their comparison

pooled eleven weighted parameters into an overall ‘performance factor’ for fourteen repro-

cessing technologies, allowing for comparison of methods, see Table 3. The current study

will build on this work by updating the method and providing for a more stable approach

by rooting in decision analysis theory.

These parameter scores were levelized to a range of 0-10 and weighted with a rate

(r) and with a level of importance (R) that was determined by surveying ‘knowledgeable

persons’ in the field to arrive at an overall score, or ‘performance factor’ (E) for each of the

fourteen technologies considered; the performance factor is a ratio of the ranked ratings of

a technology to the maximum possible. Surveys were distributed amongst several different

groups to analyze the relative importance of separate parameters to different groups.

E =
∑

rR

10
∑

R
(1)

This previous analysis went on to speculate as to future fuel use and reactor operations

with an attempt to determine the best reprocessing technology for the year 2000 under

different futures. This comparison provided an important contribution to the field on two

accounts: Conceptualization of the important aspects of decision making in reprocessing

and compilation of related factors for the technologies of the day. However, the comparison

lacks internal validity as some of the inputs are repeated in separate sections with different

weights, and it lacks flexibility for decision makers to assign their own utility functions to

each of the lowest level attributes. Hopefully, the presented methodology will expand the

ideas of the previous authors correctly without repeating these short-falls.
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Table 3: Parameters and Definitions in Previous Method
Parameters Defined by
Technical Complexity Number of units in most compact process

number of unit operations in process considered × 7
+ additional points for remote refabrication

Safeguards of Strategic Nuclear Ma-
terials

Rating composed of matrix depending on decon-
tamination factor, labor intensity, and effluent
streams

Waste Volume Rating assigned based on form and relative
quantity of effluent wastes

Sensitivity to Changing Regulations Determined based on the ratings assigned to the
technology for risk to population, safeguards of
SNM, and waste volume

Sensitivity to Change in Fuel Type Rated between 3 and 10 depending on number
of fuel types handled

Maintenance capital cost
normalizing constant + quality factor

Stage of Development Scaled from 1 to 10, conceptual to commercial

Reliability based on factors of heat, radiation damage, and
principle of separation

Risk to Population Rating based on ‘total toxicity’ between 109 and
10(10)

Economic Advantage Rating from 1, highest cost, to 10, lowest cost,
based on author’s calculations

Decontamination Factor Rating from 1 (DF of 102) to 10 (DF greater
than 106)
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2.3 Decison Analysis

“A decision problem is one with more than one available course of action. . . [the decision

maker] must choose a ‘best’ course of action from the alternatives . . . consequences can rarely

be described completely in terms of one attribute” [54]. Determination of a reprocessing

technology to follow for the near future in the United States is fundamentally a decision

problem with multiple attributes and multidimensional consequences associated with any

choice. The current method is based on Multiattribute Utility Theory (MAU). Both the

science of decision analysis and MAU will be described here.

2.3.1 Science of decision analysis

Decision analysis consists of, “structuring the problem (which includes specifying objec-

tives, building a value hierarchy and establishing attributes for the lowest-level objectives);

identifying the feasible alternatives, their impact and uncertainty (if necessary); quantifying

preferences (which includes the assessment of component attribute utilities as well as the

value trade-offs); evaluating alternatives and performing sensitivity analysis” [47]. Often,

decision scientists are looking back on a decision which was made to understand the rea-

soning behind a choice; in this case, the goal is to look forward to structure transparency

into the decision as it is made.

The importance of decision science in situations of dynamic increasing returns is best

demonstrated by investigating the outcome following the lack of comprehensive analysis

before moving forward with light water reactors. The events leading up to the advent of civil

nuclear power operations “caused a civilian power project to be rushed forward, before the

physicists involved were ready to make a choice among the available technologies, effectively

forcing the choice of light water” [25].

2.3.2 Multiattribute Utility Theory (MAU)

Multiattribute Utility Theory allows for decisions to be made on parameters without con-

version to an economic cost basis. MAU is most desired when “good cost data are not

available or when cost is not suitable as a measure of performance” [17]. For some of the
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comparisons related to reprocessing technology, cost certainly is not a suitable performance

measure, and attempts to associate cost with the comparable issues would induce more

error. Application of cost for something that may occur at some unknown point in the

future also could incur errors in the discount rate which may lead to not pursuing a good

choice. “[I]t is fallacious to make long-term decisions on the basis of current costs unless

these costs are intrinsic. It would be a little like abandoning the development of jet aircraft

on the basis of 1939 costs” [101].

The general form of the multi linear utility function is the beginning point for application

of MAU, but the function will be simplified down to the additive model for this analysis.

The proofs behind these simplifications are published in some detail [17, 55, 54], and will

not be presented here. The general form, when X = (x1, x2, . . . , xn) is a vector of random

variables over performance measures; i, j, and m are separate attributes; ui is a single

attribute utility function (scaled from 0 to 1); ωi is the weight over 0 ≤ ωi ≤ 1, for all i; and

ωij and ωijm are constants of interaction between parameters, the Mulitattribute Utility

U(X) appears as equation 2.

U (X) =
n∑

i=1

ωiui (xi) +
n∑

i+1

∑
j>i

ωijui (xi) uj (xj)+

n∑
i+1

∑
j>i

∑
m>j>i

ωijmui (xi) uj (xj) um (xm) + . . . + ω123...nu1 (x1) u2 (x2) . . . un (xn)

(2)

Understand that Equation 2 refers to overall utility of a decision which would entail

a combined score for all the choices within the decision. Technologies ‘i’, ‘j’, and ‘m’,

etc. are included in this equation as well as the decision maker’s utility of each ω and the

interactions between them.

Utility independence allows for simplification of the general form. The initial theorem

and proof for the simplification was provided by Keeney [55] and is summarized here. Let

U (X) = u (x1, x2, . . . , xn), where U is a utility function and xi is an attribute of that

function. If vectors Y and Z are defined such that X = Y × Z, and the decision maker has

the same “relative preference over lotteries on Y, when Z is held fixed at z0” for any value

of z0 then Y is utility independent of Z. This implies that the impacts are equal, but not
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necessarily zero. The general form under utility independence reduces to the multiplicative

model (equation 3).

U (X) =
n∑

i=1

ωiui (xi) +
n∑

i+1

∑
j>i

ωωiωjui (xi) uj (xj)+

n∑
i+1

∑
j>i

∑
m>j>i

ω2ωiωjωmui (xi) uj (xj)× um (xm) + . . . + ωn−1
n∏

i=1

ωiui (x1)

(3)

Additive independence allows for further simplification of the model, given that the in-

teraction terms, meeting the condition of equality under utility independence, are equally

zero. If the interaction terms are zero, it is implied that there is no preferential interac-

tion. Previous studies have shown that the additive MAU model can be used even when

the preferential interaction is unknown, as in this case, and will “typically provide good

approximation of preferences that do not satisfy additive independence” [17]. The additive

form shown in equation 4 is simplified down to utility for one parameter, technology in this

case, because interaction has been removed.

U (X) =
n∑

i=1

ωiui (xi) (4)

Note: The summation of the weights, ‘ωi’, for all i must equal 1.

The importance of defining the decision maker’s utility has been stressed in the liter-

ature. Clearly, the utility will depend on who is defined as the decision maker. For the

purposes of this analysis, the decision maker is constructed to be any individual or group

who might want to apply their preferences to this model to determine the ‘best’ reprocess-

ing technology. Because of the separation of technical and political or emotional issues,

selection of a reprocessing technology is possible without great depth of knowledge of the

chemical or nuclear engineering problems involved. With such a broad goal, it is impossi-

ble to apply a particular utility to the model in this paper and assume that the selected

technology is certainly the one which should be pursued. Instead, the results related to

variations of utility preferences are considered in the Discussion chapter.
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2.4 Limitations of this method

While the goal of this thesis is to provide an objective decision method for choosing a

reprocessing technology, the method is still subject to author bias due to the attributes

chosen for inclusion. There are many possible attributes that could be included, but some

have been ignored for simplicity. Additionally, numbers used to determine attribute values

in the present methodology are in some cases approximated or average values - actual values

for a particular plant or batch could differ from the values used. This method is further

limited by the temporal differences in reprocessing technique experimentation; processes

presented in the past may experience bias due to technological advances which would have

been incorporated in the process if the process were developed today. Limitations should

be considered when applying the presented decision methodology to reprocessing choice.
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CHAPTER III

METHODOLOGY

The present method modifies the comparison method introduced in 1978 to make the com-

parison more dynamic and applicable today. The major changes involve removal of some

attributes which are repetitive or non-quantifiable, application to a different set of tech-

nologies, and introduction of multiattribute utility theory. Decision science offers that “A

complete model would present (a) a measure of the efficiency of the Ai at attaining the

goals, (b) some measure of the weight of the goals when the goals are in conflict, (c) a

criterion of adequacy for the operation O for choosing Aj”[9]. Each of these are addressed

in this methodology.

3.1 Issues

Several overarching issues are addressed, and their lowest-level technical attributes are con-

sidered and scored (to allow for equivalent ranges) for each technology. A final score is

determined by performing a weighted summation of the scores. Two of the overarching is-

sues (Economics and Stage of Development) which are addressed are not scored since they

are a function of the other issues or vice-versa. Each attribute is levelized to a value be-

tween 0 and 1 to facilitate comparison, with 1 being the best conceivable for each attribute.

Technological advances could require reconsideration of the ‘best conceivable’ value which

could affect different scores for the technologies under consideration.

3.1.1 Technical complexity

The degree of technical complexity in a process is necessarily considered in a comparison of

technologies. Studies which attempt to estimate costs before a complete design is prepared

often consider these factors. All processes involving irradiated nuclear fuel are technically

complex, but there are aspects which effect the degree of complexity; for the purposes

of comparison, the attributes considered are: Number of steps in the process, operating
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temperatures, operating pressures, and use of corrosive chemicals. The author notes that

other conditions may additionally need to be considered in this fashion in future work,

including other energy inputs or requirements for special atmospheric chemistry (i.e. argon

atmosphere).

3.1.1.1 Number of steps

A process which achieves the desired outcome in fewer steps provides several advantages

over a greater-step process. These advantages can include: decreased risk of failure, ease of

duplication, and reduced costs. The steps counted do not include cladding removal or chop

processes or any treatment following the main separation process, except for UREX+1,

UREX+2, and FLUOREX which are defined by their additional steps. To be specific,

the first step counted is the one following fuel chopping, and the last step counted is de-

contamination of the selected element(s); parallel separations are counted separately (i.e.

decontamination of U and decontamination of Pu would be two steps). Additionally, mul-

tiple stages within a solvent extraction process are not counted; solvent extraction steps

are counted in broader terms of extraction, scrub, and strip. The ‘best’ possible number of

steps would be one step. The score for number of steps, ‘NS’, for each technology, ’j’, can

be defined by equation 5.

NSj =
1
nj

(5)

3.1.1.2 Operating Temperatures

Recognizable differences in complexity exist dependent upon the degree to which the pro-

cess conditions must deviate from ambient conditions [105]. Processes are evaluated against

ambient temperature conditions. Due to obvious reasons for non-standard ambient condi-

tions, the basis for ambient is assumed to be 100 degrees celsius, or 373.15 K, at standard

pressure. This particular definition of ambient temperature could be argued (i.e. Why not

use room temperature?); standard temperature is defined by National Institute of Stan-

dards and Technology (NIST) at 273.15 K, or 0 [81]. With 373.15 K as ambient, heating

and cooling appear on opposite sides of ambient and can be compared for their deviation
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alone. The attribute for operating temperature, ‘OT’, for each technology, ‘j’, can be de-

fined by 1, if the technology is known to operate at ambient temperature, and by equation

6 if temperature must reach or be held at some defined value.

OTj =
373.15K

TjK
∀T > 373.15 K

OTj =
TjK

373.15K
∀T < 373.15 K

(6)

Note: The temperatures used will be minimum or maximum values that must be at-

tained.

3.1.1.3 Operating Pressures

Much like the discussion for temperature, above, deviation from ambient pressure, either

to extremely high pressures or to vacuum conditions, leads to increased complexity. Thus,

the calculation will consider the deviation from standard pressure at 1 bar, 750 torr. The

attribute for operating pressure, ‘OP’, for each technology, ‘j’, can be defined by 1, if the

technology is known to operate at ambient pressure, and by equation 7 if the pressure must

reach or be held at some defined value.

OPj =
750torr

Pjtorr
∀P > 750 torr

OPj =
Pjtorr

750torr
∀P < 750 torr

(7)

Note: The pressures used will be minimum or maximum values that must be attained.

3.1.1.4 Use of corrosive materials

A process which has corrosive products as part of its operation will be more likely to be in

need to preventative or corrective maintenance. Maintenance poses a particular problem for

facilities which are processing irradiated nuclear fuel due to shielding requirements, risk to

laborers, and additional organizational burdens to operate over maintenance periods. For

this attribute, the scaling method used in the ‘quality factor’ for the previous comparison’s

maintenance rating is extended [96]. However, the rating for corrosion, ‘CM’,is changed

from a 0 to 3 scale to a 0 to 1 scale for consistency. Any technology with no corrosive
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agents will be scored unity, as this is the best possible scenario. As shown in equation

8, a technology with high corrosion due to the materials involved will be scored 0.1, and

corrosion from nitric acid will score 0.5. The lack of available data and the intense research

in the materials sciences both contribute uncertainty to the degree to which corrosion will

continue to exist in a certain process.

CMj = 0.1,∀high corrosion

CMj = 0.5,∀nitric acid corrosion (8)

CMj = 1∀no corrosive agents

3.1.2 Safety

Safety is a very broad consideration; for this analysis, safety is defined as meaning the general

safety of the technology to the population. There are many scenarios which could be drawn

up (and sometimes have been) in regards to safety of a reprocessing plant; however, most

scenarios, like the possibility of a high-speed aircraft collision to a sensitive plant section,

are conceivably applicable to all reprocessing facilities equally. Risk analysis calculations

have suggested that other non-nuclear facilities pose a greater risk in such events, Liquid

Natural Gas facilities, for instance [49]. Safety attributes are based on the maximum credible

accident (MCA) and the likelihood of explosion.

3.1.2.1 Maximum credible accident

For some of these processes, accident studies have not yet been conducted; however, the

nature of the process allows for determination of a characterization of the possible materials

included in an accident. The attribute ascribed is based on the maximum total toxicity

related to the MCA; the risk of the MCA is expected to be similarly low for all processes due

to imposed standards. Therefore, the danger that is considered for the general population

is based on one MCA occurring with the same probability for all technologies.

The previous method addressed total toxicity as a function of the gaseous, liquid, and

solid toxicity [96], distributing the score over the range of total toxicities (all compared

technologies had a total toxicity on the order of 109). This present analysis will utilize
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the total toxicities presented in the former comparison because they are valid measures

of possible release under MCA which the previous author already formulated into relative

toxicities; however, the scoring for ‘MCA’, equation 10, is scaled to be from 0 to 1 for

consistency. The scaling is such that a toxicity of 1 × 1010 would score zero and 1 × 109

would score one.

Total Toxicity = Relative Gaseous Toxicity+

Relative Liquid Toxicity+

Relative Solid Toxicity

(9)

For Total Toxicity = P × 109

MCAj =
1
P

(10)

3.1.2.2 Explosiveness

There is also the possibility of explosion for some materials which are utilized in reprocessing.

For this reason, the presence of explosive materials will be an additional attribute. The

explosion risk included here is not that of possible criticality explosion; engineering methods

exist for preventing criticality, including geometric and chemical considerations. Rather the

consideration is of an accidental chemical explosion somewhere within the process. This

attribute, ‘EX’, equation 11, is ascribed a true or false score of 0 or 1 for the employment

of explosive materials.

EXj = 0,∀Cases with Explosive = True (11)

EXj = 1,∀Cases with Explosive = False

The likelihood of explosion presented here is dealing only with the presence of explosive

chemicals. There exists the possibility of heat related ‘explosive release’ of radioactivity

due to dry out of high active waste tanks. While these tanks have been shown to be

more vulnerable than other areas of reprocessing for release in the event of loss of cooling,

engineers have determined that it is inconceivable, without sabotage, that some way of
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restoring cooling could not be accomplished in the time it would take for the release to be

imminent (around 5 to 6 days) [49].

3.1.3 Secondary Waste

The bulk of the arguments for reprocessing address either resource management or waste

minimization directly. Thus, it would be contrary to the purpose, excepting the condition

where resource reuse is the only purpose for reprocessing, trumping other considerations,

to generate additional amounts of waste.

The attribute for secondary waste generation assumes that each process will necessarily

emit the same amount of gaseous waste because the gaseous fission products are present in

the same quantities and are not shown to undergo phase change to remain in liquid or solids

in these processes. The previous method [96] employed scaling which arbitrarily positioned

the AIROX process as a 10 and the REDOX process as a 1 with other processes scaling

from 2-5 if they produced liquid wastes and 6-9 if they did not produce liquid wastes.

The current method still penalizes liquid wastes, but does so in a different manner.

First, the total volume of waste, liquid and solid, per kgHM processed is summed and

ranked from 0 to 1; then, the percent of the total volume that is liquid is calculated (percent

will be between 0 and 1). The attribute for secondary waste, ‘SW’, is the average of these

two numbers as shown in equation 12. When summing the volumes, all liquid wastes are

assumed to have the density of water; although all liquids do not have the same density

as water, it is expected that the composition of liquid wastes for each technology will be

similar enough to not induce great errors into the score.

SWj =

(
1−

(
V OLj

V OLmax

))
+

(
1−

(
V OLjliq

V OLj

))

2
(12)

3.1.4 Proliferation risks

Proliferation is an overarching concern which has found its way into mainstream conversa-

tions. Clearly, there is a concern that nuclear materials will become weapon fodder for those

who would do us harm. Unfortunately, the ideas surrounding proliferation have changed

since the first discussions of this term. Proliferation concerns used to involve sovereign
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rogue nations which openly or clandestinely developed nuclear weapons. For the most part,

national programs can be monitored with satellites and intelligence due to the extensive

chemical processing required to develop weapons grade materials; evidence to this is pro-

vided by the recent chain of actions toward Iran and North Korea.

Now, proliferation concerns are more focused on the threat of sub(or multi)-national

terrorist groups. The most likely method of obtaining nuclear materials for these groups is

through takeover of materials during transportation or through siphoning materials from a

facility. Thus, it could be postulated that locally operated reprocessing would be preferable,

from proliferation standpoint, to one which requires transport.

However, the risk of a hostile taking are not isolated to one technology or another, and

security is likely to be at the same level regardless of technology; additionally, siting is not

technology specific. Due to these leveling characteristics of the majority of the proliferation

concerns, the risk is only evaluated on the ease of weapons creation from the output streams

of a technology over the input stream of used nuclear fuel (SNF). In order to calculate the

proliferation risk for nuclear weapons, ’P’, presented by each technology, the following ratio

could be used:

Pj =
CriticalMassj(kg)

CriticalMassSNF (kg)

Additionally, the author proposed a method of proliferation risk based on a calculation

of energy intensity similar to that of the separative work unit (SWU) which is used for

enrichment calculations. Discussions with colleagues suggested that this method is not

practicable because not only are specific weapons structure assumed, but a prescription

for development of such a weapon is inherently included. Although the author does not

have detailed descriptions of weapons design and development (nor are they available to

the public [74]) for which to provide a prescription, the argument against such a method is

understandable.

Regardless, the use of traditional analysis of proliferation resistance is not applicable

when ‘dirty bombs’ are taken into consideration. ‘Dirty bombs’ are a combination of con-

ventional explosives with some radioactive material. While these devices are NOT nuclear

weapons, and they do not possess the extreme destructive capability of nuclear weapons,
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they are still dangerous [82]. These weapons also present more complexity for detection

and avoidance measures.

The previous comparison [96] included four parameters, in addition to separation of

a pure plutonium stream, into the evaluation of proliferation risk: Location (on or off-

site), Decontamination Factor (high, medium, or low), Labor Intensity (high or low), and

Effluent Streams (several or few); those methods which had pure plutonium streams were

scored between 1 and 5 while those without an independent plutonium stream were scored

between 6 and 10. As previously stated, I argue that any of the technologies could be

operated on or off-site; siting is a political as well as an economic decision. Also, any

technology could be made to be labor intensive; labor intensity could also be a function of

number of effluent streams. As such, the three remaining factors which should be considered

for proliferation risk are: separation of a plutonium stream, decontamination factor, and

number of effluent streams.

3.1.4.1 Separation of plutonium stream

The attribute for separation of a plutonium stream, ‘SP’, is true or false logic, as shown in

equation 14.

SPj = 1,∀Plutonium stream=False (13)

SPj = 0,∀Plutonium stream=True

The idea that separation of plutonium results in a zero for this score should not incite

those who believe separating plutonium is desirable. In fact, such persons could state such

preferences and define SP
′
j as 1−SPj which would result in opposite values.

3.1.4.2 Decontamination factor

The decontamination factor (DF) is the degree of purification, defined as “ratio of a stated

impurity to desired component ... divided by the equivalent ratio in the product” [29]. The

desirability of a low or high decontamination factor can depend on the expected use of the

‘purified’ material.
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For the purposes of proliferation resistance, specifically for diversion of material, fission

products which ‘contaminate’ a material by making it impure can be considered a good

thing. Fission product contamination can increase the dose rate of the material and also

provide detectable energy signatures. However, the protection offered by these contaminants

may not make the material hot enough to deter diversion attempts, as calculations show that

plutonium is not significantly self-protected by fission product impurities, including cerium

and europium, after the first decade following discharge [51]. Self-protection requirements

put forth by the International Atomic Energy Agency are 1 Sv/hr; the “mean lethal dose”,

causing death in 50 percent of a population is 3-4 Grays an unweighted measure of radiation

dose) [41]. So, the self-protection requirements expect for an unshielded contact period by

diverters of about 3-4 hours.

Despite the possibility that impure plutonium may not be appreciably less risky to

proliferation, the decontamination factor attribute, ‘DF’, will be scored from 0 to 1, based

on the ratio of the power of the decontamination factor with 1 being no separation of

plutonium (equation 16). Suppose the power of the decontamination factor is ‘p’, in 10p.

DFj =
1
p

(14)

3.1.4.3 Number of effluent streams

The number of effluent streams is included due to the increased likelihood of diversion.

Obviously, a nuclear fuel processing plant is expected to have stringent accountability stan-

dards, but more streams increase the chance of error. Additional streams might also imply

additional labor, which could increase the chance of diversion by a laborer. The attribute

for number of effluent streams, ‘ES’, is determined by the ratio of the number of effluent

streams in the technology to 1, which would imply the best possible number of streams for

this measure (equation 17).

ESj =
1

Streamsj
(15)
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3.1.5 Economics

The economics of reprocessing are usually argued in a fashion as reprocessing vs. open fuel

cycle [16]. Comparative economics between several reprocessing methods is not generally

employed, nor is there sense in such a comparison without significant scaling experiments.

The economics of a facility will depend mostly upon: Size of the buildings, shielding re-

quirements, nature of combined processes or facilities, location, and the processes involved.

However, when a reprocessing facility is constructed in the United States, the process is

likely to be unproven on a commercial scale. Lack of experience also leads to lack of confi-

dence in costs. Regardless of the method employed, the legal framework developed by the

Nuclear Waste Policy Act establishes federal government ownership of spent fuel [83]. Ad-

ditionally, the case has been made that the ‘cost’ of reprocessing is also deeply a function of

ownership, and financing of such a facility could make use of historical government behavior

of ‘sunk’ debt or could rely on the innovation of the private sector [100]. For these reasons,

the reprocessing technologies will not be evaluated or compared based on economics.

3.1.6 Stage of Development

In the previous method, stage of development was scored from the conceptual to commer-

cial scale, and this score became part of the overall score, or ‘performance factor’ [96]. Due

to the sensitivity of technology to learning, including such a factor in the comparison of

technologies appears to be contrary to the goal of determining the best applicable technol-

ogy. Technologies such as reprocessing are assumed to operate under dynamic increasing

returns. The literature on ‘learning’ provides insights into this issue.

“Technical change in general can be ascribed to experience, that it is the very activity

of production which gives rise to problems for which favorable responses are selected over

time” [4]. Essentially, if a technology is being used, it is evolving through trial and error.

In addition, this learning often leads to an effect where “early use of one technology can

create a snowballing effect by which that technology quickly becomes preferred to others and

comes to dominate the market”[25]. This early advantage is not guaranteed to last, but the

correct ‘best’ technology is described as the one “which, if it were to be the surviving one,
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would maximize net benefits from the technology choice process” [25]. For these reasons,

the stage of development will not be considered in this decision analysis; however, decision

makers are likely to reinsert this attribute, at least implicitly, if selection is required under

pressure to begin operations in the near term.

3.2 Overall Scoring

The idea of an overall score is necessary to allow for one evaluated reprocessing method to

be selected as the ‘best’ choice based on the attributes described above. The overall score,

or utility, ‘U’, of a technology is additive as shown in equation 4 of the Background. For

each technology, ‘j’, there will be a utility, ‘U’, which is composed of the summation of the

product of the weights, ω, and values, described above, for each attribute, ‘i’. The values

then are the technical part of the utility and the weights provide for emotional, political, or

social factors. Values are intended to be objective while weights are inherently subjective.

In analysis, the weights, ω, for each attribute are initially assigned equivalence. In this

base case, no preferences are analyzed. In the Discussion, different weighting options are

described which show how preferences of the decision maker could influence the selected

reprocessing technology. As previously mentioned in the Background, the summation of all

ω must be one.
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CHAPTER IV

REPROCESSING TECHNOLOGIES

Over the last 70 or so years, several methods of processing used nuclear fuel and other

radioactive materials for separations have been proposed. For the purposes of this study,

only those which are applicable to oxide fuels are discussed; the author does not wish to

speculate on the possible future fuel types which could include: nitrides, carbides, or metals.

Once a future fuel cycle has been determined, evaluation can be made for how to deal with

the fuel; there remains sufficient spent oxide fuel (55,000 MTHM by the end of this year

[14]) for a dedicated technology–especially considering that most studies on plant design

have focused on capacities of less than 3,000 MTHM processed per year. Considering the

2,000 MTHM discharged nuclear fuel per year, the legacy and accumulating fuel would take

more than 50 years to process, and the lifetime of a reprocessing facility may be less than

50 years.

The Nuclear Energy Agency’s (NEA) working group on flow sheet studies is evaluating

the following technologies as they apply to oxide fuels: PUREX (current), PUREX with

additional separations, PUREX with different solvents, UREX+2, PYROX, Dimitrovgrad

Dry Process, fluoride volatility, and the electrometallurgical process by the Central Research

Institute of Electric Power Industry (CRIEPI) [78].

The presented analysis considers ten technologies, shown in table 1, which align well with

those under study by the NEA. The technologies chosen had enough published works to

be able to describe the process and apply the methodology; additionally, these technologies

are all currently employed or under consideration by one or many nations. There are other

technologies which may become developed to the point where they could also be included in

such an analysis at a later date, such as the molten carbonate eutectic proposed by Griffiths

[40]. The UREX+1, UREX+2, and FLUOREX processes are not separate technologies

like the others; rather, they are collections of technologies which are considered as one
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process. Any separations technology could be followed by additional extraction processes

such as those already included as a part of these. For a brief but clear description of some

additional extraction processes, which include TRUEX, DIAMEX [98], and TALSPEAK,

among others, see the Nuclear Energy Agency report on Actinide Separation Chemistry [75].

The process flow sheets shown here are for clarification of major steps in the technologies

as described in the literature; not all of these steps follow the linear progression implied by

such a simplified drawing.

4.1 Process similarities

Since the scope of this study is only current oxide fuels and legacy fuels from light water

reactors, the make up of the fuel fed into each technology is assumed to be the same.

This simplification allows for the expectation that the fission product gases released during

cladding removal and dissolution will be the same for all technologies. Also, each technology

can utilize the same range of cladding removal methods and storage options. Regardless of

the technology employed for separation, there are a couple of attributes which will not be

affected: Cladding removal, Off-gas treatment, and Storage. These attributes will not be

included in the analysis because engineering advances can effect them without regard for

the technology used in the separations.

4.2 Aqueous Processes

The solvent extraction methods currently considered are all of the liquid-liquid type: PUREX,

COEX, Supercritical CO2, UREX, UREX+1 and UREX+2. These technologies are all

based on the principles of hydrometallurgy, and are adaptations of the PUREX process to

some extent.

4.2.1 PUREX

Plutonium URanium EXtraction, or PUREX, was first developed by Knolls Atomic Power

Laboratory (KAPL) at Oak Ridge National Laboratory (ORNL) [31] as mentioned in the

Background chapter. There are exhaustive explanations of the theory and history associated

with solvent extraction by the PUREX process which need not be fully restated here; a

26



summary is included. The process is based around the selective affinity of tributyl phosphate

(TBP) for uranium and plutonium. There are three basic process functions 1)Extracting,

where uranium and plutonium are separated from fission products; 2)Partitioning, where

plutonium is extracted from uranium; and 3)Stripping. The plutonium undergoes further

decontamination, with an average decontamination factor greater than 106 [10, 18].

After the fuel is chopped and declad, fuel is dissolved in nitric acid to create a feed

solution. This solution is then input to a solvent extraction process with TBP diluted

in n-dodecane (C12H26). While n-dodecane and TBP are combustible, explosions are not

likely unless ‘red oil’ is formed. Red oil is produced when TBP, dodecane, and nitric acid

are combined at a temperature over 120 C; this combination can explosively decompose at

temperatures greater than 130 C [92].

A flow sheet for the PUREX process, Figure 1, shows the eight major steps.

Figure 1: PUREX Flow Sheet, adapted from Benedict[10]

27



While PUREX is currently the most widely used technology with the greatest industrial

history, there is considerable pressure to move away from this technology, and PUREX is

not currently being considered under the Advanced Fuel Cycle Initiative [30]. The reasons

are summarized by Abney (1997) [1],

The generation of copious quantities of high active fission product-bearing aque-

ous and non-aqueous wastes is one aspect of this process which has reduced is

use at present. This process also requires large production sites and equipment

for it to be performed on a production scale. The inherent ability of this process

to generate highly purified plutonium and uranium fractions also contributes to

nonproliferation issues not easily resolved in today’s political climate.

While this statement appears to have several measures of preference regarding weights

of the attributes, it is not a statement which will be used to summarily discard PUREX

from this consideration. In fact, if the PUREX technology was to be ranked highest for a

decision-makers utility function applied to the attributes included here, the actual utility

would be much higher due to economic and learning issues which are not included in this

analysis. In the Discussion, consideration will be made for factors leading to the selection

of the PUREX process as a technology of choice.

4.2.2 COEX

COEX, or the COmbined EXtraction of plutonium and uranium, was proposed as a simpli-

fication of the PUREX technology which would be simpler and not separate plutonium by

itself. The COEX process removes the most complicated steps in the PUREX process by

not separating uranium and plutonium [111]. This process was developed on the premise

that it didn’t make sense to separate the uranium from the plutonium if they would be

combined again when making mixed oxide fuel. The flow sheet proposed by Zabunoglu and

Ozdemir(2005) was constructed with the idea that the process PUREX process is reduced

to the co-decontamination followed by co-stripping, with 6 major steps, as shown in Figure

2.

The decontamination factor was shown to decrease as molarity of the scrub solution
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Figure 2: COEX Flow sheet [111]
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increased, and the highest DF for rare earth fission products was on the order of 106 and

for zirconium and ruthenium on the order of 103. “The only product of purex co-processing

is an aqueous solution of U+Pu, with a fissile content of approximately that of the SF

solution (about 1.47 wt percent for SF from a typical LWR)”[111].

4.2.3 Supercritical CO2

“Supercritical CO2 can be used as a promising ecological alternative in liquid-liquid extrac-

tion systems” [95]. A supercritical fluid is defined by being above the critical temperature

and pressure; for carbon dioxide, this is at 73.8 bar and 31.1 degrees C [33]. A solvent ex-

traction method which employs Supercritical CO2 with tributylphosophate has been shown

to have similar characteristics to the PUREX technology it hopes to replace without the

organic diluent. Experiments have shown that the Supercritical CO2 extracts UO2 as well

as U3O8 [34]. The decontamination factor has been calculated on the order of 104 [107].

Experiments using this technology are ongoing, as this is the newest technology pre-

sented (and it is considered ‘greener’); here, the construction offered by Clifford (2001) is

presented. UO2 (NO3)2 in 6M nitric acid is used to prepare U(VI). 0.01M U(VI) in 6M

nitric acid is prepared in a liquid sample through which supercritical CO2 under 200 bar

(150,013 torr) flows [20]. Through this mixing, uranium is complexed and extracted to a

chloroform solvent. The uranium in the solvent is then back extracted with (NH4)2 SO4.

Neutron activation analysis in the Clifford (2001) study revealed that extraction efficiency

decreases over time, but were comparable with those of traditional PUREX [20]. The

process is composed of seven main steps as shown in Figure 3.

Experiments conducted by Japan Nuclear Cycle Development Institute showed that with

the Joyo fuel, 16 to 40 grams at burn ups of 32000MWd/MTHM and 64,000MWd/MTHM

could be extracted in 100 to 200 mL of a solution of TBP and 4.8molL nitric acid in less than

300 minutes [59]. They are calling this process, super-DIREX, for DIRect EXtraction due to

the combination of dissolution and extraction steps. This particular form of the supercritical

CO2 technology does not have enough information to be considered separately.

This process has been modeled to be similarly effective under different complexes of
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TBP and nitric acid; the presented data covered ratios of 0.7 and 1.8 TBP/nitric acid [35].

Researchers are still determining the underlying mechanisms for the observed behaviors

of TBP in water and nitric acid solutions [95]. The process promises to decrease time,

complexity, and liquid wastes over the current extraction technologies [59]

4.2.4 UREX

The URanium EXtraction, UREX, technology is defined by its “ability to separate out

pure streams of uranium and technetium and nothing else” [15]. These separations are at

efficiencies of ≥ 99.9 percent for uranium and >95 percent for technetium.

UREX basically uses the same process as PUREX, nitric acid solution with TBP and

dodecane solvent, with the addition of acetohydroxamic acid (AHA) as a complexant in the

scrub stage. AHA prevents the extraction of plutonium and neptunium and decomposes

gaseously during evaporation (so addition of AHA does not contribute additional solid

waste)[53].

The simplified process removes two steps from the PUREX process. The flow sheet

developed by Rudisell (2003) for the case of application to the Dresden reactor fuel for

experiment has been modified for the general case. The UREX process is composed of six

steps as shown in Figure 4. Extraction and scrub stages are kept below 25 C to maintain

Tc extraction [91]. While this requires addition of chill water, 25 C is 298.15 K which is

very close to the temperatures used in off-gas treatment systems.

4.2.5 UREX+1

UREX+1 is one of a series of modifications to the UREX process. The difference between

UREX and UREX+1 lies in the additional separation of a neptunium and plutonium stream

in UREX+1. This Np/Pu stream could be used to create mixed oxide (MOX) fuel which

can be burned in light water reactors. UREX+1 has been demonstrated on a laboratory

scale in 2003 [90]. The UREX+1 process consists of eleven steps as shown in Figure 5.
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Figure 3: Supercritical CO2 Flow Sheet, adapted from Clifford and Koyama [20, 59]

Figure 4: UREX Flow Sheet [91]
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Figure 5: UREX+1 Flow Sheet [21]
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4.2.6 UREX+2

UREX+2 is another in a series of modifications to the UREX process. UREX+2 uses ion

exchange instead of stripping with concentrated nitric acid to separate technetium from

uranium. Additionally, UREX+2 utilizes CCD-PEG and TALSPEAK processes. CCD-

PEG is named for the extraction chemicals of chlorinated cobalt dicarbollide (CCD) and

polyethylene glycol (PEG) which selectively extract cesium and strontium, respectively[67].

Separation of cesium and strontium from the fission product waste stream can reduce the

short term heat load of the repository[30]. TALSPEAK is an acronym for ‘trivalent actinide

lanthanide separations by phosphorus-reagent extraction from aqueous complexes’; this

process was developed in the 1960’s and separates trivalent actinides from lanthanides and

other fission products. The reported demonstration of the UREX+2 technology have not

included experimental results on this portion of the proposed process [86]. The UREX+2

collection of technologies consists of fourteen steps as shown in Figure 6.

The UREX+1 and the UREX+2 processes are not the only adaptations that have been

put forth by the Department of Energy. There is a suite of modified UREX processes, as

shown in Table 4; however, the other processes have not been reported in the literature

with enough information to add them to this comparison. In the future, such processes

(combinations of processes) could be added to the decision by determining values for their

attributes.

Table 4: Suite of UREX+ Processes [21, 22]
Process Product Outputs
Name 1 2 3 4 5 6 7
UREX U Tc TRU+FPs
UREX+1 U Tc Pu+Np Am+Cm+FP
UREX+1a U Tc Cs/Sr TRU FP
UREX+2 U Tc Cs/Sr Pu+Np Am+Cm+Ln FP
UREX+3 U Tc Cs/Sr Pu+Np Am+Cm FP
UREX+4 U Tc Cs/Sr Pu+Np Am Cm FP
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Figure 6: UREX+2 Flow Sheet [90, 86]
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4.3 Non-aqueous Processes

The non-aqueous processes include fluoride volatility, FLUOREX and pyroprocessing. The

fluoride volatility process is classified as a physical separation; whereas, the pyroprocesses

are classified as chemical extractions. The pyroprocessing technologies included in this

comparison employ a molten salt electrorefining process as their main characteristic.

4.3.1 Fluoride volatility

Fluoride volatility takes advantage of the volatility of hexafluorides of uranium, neptunium,

and plutonium in order to separate them from other materials as well as each other. After

a rocky experimental start at Brookhaven National Laboratory due to unstable reactions,

the process was reconfigured under the titles nitrofluor and aquafluor by future experiments

[10]. Fluoride volatility has been shown to be most effective when used on fuels that contain

little plutonium or neptunium because the fluorides PuF6 and NpF6 are less stable than

UF6 [75] (see Table 5).

Table 5: Sublimation points for AnF6 [75]
Compound Sublimation/Boiling point (K)

UF6 329.69
NpF6 328.33
PuF6 335.31

The decontamination factor for fluoride volatility is shown to be on the order of 105 with

some fission product fluorides (of Nb, Tc, Mo, and Ru) which volatize with the uranium

fluoride [69]. A process flow sheet, Figure 7, shows the four steps included in this process.

A ‘hybrid recycle system’ has been proposed in Japan by Hitachi, Inc, where they

suggest a slightly different approach. The fluoride volatility process is ‘improved’ to extract

PuF6 as well as UF6 and remove the purification of these fluorides [50]. Previous studies as

mentioned above suggest this may not be an improvement due to the variation in volatility

of U and Pu.
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4.3.2 FLUOREX

The FLUOREX technology comprises a collection of aqueous and non-aqueous processes

which includes: AIROX process for the decladding, fluoride volatility, and PUREX (shown

in Figure 8). AIROX is a process by which holes are drilled in the fuel cladding and then the

fuel is subjected to cycling oxidation and reduction cycles; expansion of the U3O8, which is

formed by oxidizing UO2, causes the fuel to break apart [97]. The fluoride volatility process

follows to remove the bulk of the uranium in a hexafluoride; this is followed by a partial

PUREX process. The advantage of this technology is that the PUREX process steps can be

conducted at approximately one-tenth of the scale that would be necessary if the uranium

had not already been removed by fluoride volatility. This is the technology being pursued

in Japan by Hitachi [36, 58].

4.3.3 Pyroprocessing

The five main steps for pyroprocessing, Figure 9, are the same for both presented technolo-

gies. Their variations will be discussed below. The general description of the process draws

heavily on Ackerman, Laidler, McPheeters, and Stevens [2, 63, 71, 102].

Research in pyroprocessing has focused on the partitioning of metal fuels, such as would

be found in a fast reactor. The oxide fuel of a light water reactor does not behave in the same

way as metal fuel when immersed in the metal salt eutectic. As such, these pyroprocesses

will not work directly on oxide fuel; however, methods to overcome this problem are already

under demonstration and are not expected to be a limiting factor on implementing one of

these technologies for oxide fuels. So,the first step following chopping of the fuel is oxide-

reduction to metal or a conversion to chloride which can be accomplished in a number

of ways, as shown below, and the method does not need to be specified so long that it

accomplishes the reduction.

Examples of oxide reduction and conversion to chloride is shown by Sakamura (2004)

[93]. For ‘M’ is U or Pu.
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Reduction to Metal

Lithium Reduction MO2 + 4Li→ M + 2Li2O

Electrochemical Reduction MO2 + 4e− → M + 2O2−

Conversion to Chloride

Chlorination using Cl2 and carbon MO2 + 2Cl2 + C → MCl4 + CO2

Chlorination using ZrCl4 MO2 + 3
4ZrCl4 + 1

4Zr → MCl3 + ZrO2

Following reduction or chlorination, the fuel is placed in a basket in an electrorefiner

(ER) which is a crucible containing the molten eutectic (chloride salts), a molten cadmium

pool, and a solid cathode, and a liquid cathode; uranium is selectively electroplated onto

the solid cathode [71] (see Figure 10). A smaller molten cadmium pool adds a second cath-

ode which recovers remaining uranium, TRU, and a fraction of rare-earth fission products

remaining. Most of the fission products collect in the chloride salt; the gaseous fission

products: H3, Kr, and Xe are released and treated in off-gas; and the cladding hulls, Zr,

and noble fission products accumulate in the cadmium pool or the basket. Where they go

depends on their Gibbs Free Energy (see Table 6), −∆G, The eutectic and cadmium pool

can be recycled to remove the accumulating contaminants [48].

Table 6: Gibbs Free Energies, at 500 degrees C [63, 60]
Stable Chlorides Electrotransport Unstable Chlorides
will remain in salt will remain in metal
BaCl 87.2 CmCl3 64.0 CdCl2 32.2
CsCl 87.8 PuCl3 62.4 FeCl2 29.2
RbCl 87.0 AmCl3 62.1 NbCl5 26.7
KCl 86.7 NpCl3 58.1 MoCl4 16.8
SrCl2 84.7 UCl3 55.2 TcCl4 11.0
LiCl 82.5 ZrCl2 46.6 RhCl3 10.0
NaCl 81.2 PdCl2 9.0
CaCl2 80.7 RuCl4 6.0
LaCl3 70.2
PrCl3 69.0
CeCl3 68.6
NdCl3 67.9
YCl3 65.1

There are still questions regarding ways in which to improve separations as research
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shows incomplete separation of actinides and lanthanides from these processes [64]. How-

ever, follow on treatments which are capable of An/Ln separation can be applied and are

not discussed here.

4.3.3.1 LiCl-KCl

A brief history of the development of this processes was presented by Benedict (2002) [11],

and it will be summarized here. In the 1980’s, Argonne National Laboratory (ANL) began

development of an electrometallurgical process for the treatment of spent fuel from Experi-

mental Breeder Reactor-II (EBR-II) in the early 1980’s. The technology was demonstrated

between 1996 and 1999 with final evaluation by the National Academy of Science in 2000.

In September of 2000, the technology was implemented for treatment of EBR-II fuel, fol-

lowing completed Environmental Impact Statement and completed Spent Fuel Treatment

Implementation Plan. The process for separations in the LiCl-KCl process is the same as

that shown for the general pyroprocess with LiCl-KCl being the eutectic.

There are still fundamental questions relating to the behavior of materials in the eutectic.

Kuznetsov discusses the inconsistencies in previous experiments which used oxide materials

within the set-up. He goes on to determine that the Distribution Coefficients are dynamic

with temperature and should be examined in more depth [61].

4.3.3.2 NaCl-KCl

While the United States researchers have focused primarily on the lithium chloride eutectic,

there has been significant progress in eastern Europe on a sodium chloride eutectic. The

bulk of this research is in conjunction with a specific technology for vibration packaged fuel

which will not be discussed. This process is very similar to the lithium chloride method

with a NaCl-KCl eutectic [75]. The differences for the sodium chloride process is that it is

expected to operate at a higher temperature, 1000 K, compared to 833 K max for the LiCl

process.
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Figure 7: Fluoride volatility flow sheet [50]
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Figure 8: FLUOREX Process Flow Sheet [10, 50, 36]
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Figure 9: Pyroprocess Flow Sheet [19, 71]

Figure 10: Representation of Electrorefiner [64, 19]
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CHAPTER V

APPLICATION OF METHOD AND RESULTS

The application of the multiattribute decision analysis method is presented through each

attribute. Because the details of the technologies and the decision analysis methodology

have already been discussed in detail in previous chapters, tables are provided for ease of

comparison.

5.1 Attribute Scores

This section is set up as a series of tables which present the data and scores for each

technology on each attribute. The attribute data are taken from the same sources listed in

the Technology description chapter. Attribute scores are rounded to five decimal places.

5.1.1 Number of Steps

The number of steps, shown in Table 7, are determined through a count of steps as described

in the technologies chapter. The numbers in the table correspond with the steps in the

related flow sheet.

Table 7: Number of steps, by technology
Technology Number of Steps NS
PUREX 8 0.12500
COEX 6 0.16667
Supercritical CO2 7 0.14286
UREX 6 0.16667
UREX+1 11 0.09091
UREX+2 14 0.07143
Fluoride Volatility 4 0.25000
FLUOREX 9 0.11111
LiCl-KCl 5 0.20000
NaCl-KCl 5 0.20000
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5.1.2 Operating Temperature

The operating temperature, shown in Table 8, is a minimum or maximum, as described in

the technologies chapter.

Table 8: Operating temperature, by technology
Technology Max/Min Operating Temperature (K) OT
PUREX ambient 1.00000
COEX ambient 1.00000
Supercritical CO2 ambient 1.00000
UREX 298.15 0.79901
UREX+1 298.15 0.79901
UREX+2 298.15 0.79901
Fluoride Volatility 775 0.48148
FLUOREX 775 0.48148
LiCl-KCl 833 0.44796
NaCl-KCl 1000 0.37315

5.1.3 Operating Pressure

The operating pressure, shown in Table 9, is a minumum or maximum as described in the

technologies chapter.

Table 9: Operating Pressure, by technology
Technology Max/Min Operating Pressure (torr) OT
PUREX ambient 1.00000
COEX ambient 1.00000
Supercritical CO2 105,103 0.00714
UREX ambient 1.00000
UREX+1 ambient 1.00000
UREX+2 ambient 1.00000
Fluoride Volatility ambient 1.00000
FLUOREX ambient 1.00000
LiCl-KCl 0.1 0.00013
NaCl-KCl 0.1 0.00013

5.1.4 Use of Corrosive Materials

Scoring for the use of corrosive materials is shown in Table 10.
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Table 10: Use of corrosive materials, by technology
Technology Corrosive? CM
PUREX Nitric Acid 0.50000
COEX Nitric Acid 0.50000
Supercritical CO2 Nitric Acid 0.50000
UREX Nitric Acid 0.50000
UREX+1 Yes 0.10000
UREX+2 Yes 0.10000
Fluoride Volatility Yes 0.10000
FLUOREX Yes 0.10000
LiCl-KCl Yes 0.10000
NaCl-KCl Yes 0.10000

5.1.5 Maximum Credible Accident

The total toxicities for the maximum credible accident (Table 11) come from the analysis

by Selvaduray (1978) [96], as stated in the methodology. For those technologies that were

not described in the previous work, the value from the technology which is most similar

is applied; this holds because the release is primarily a function of the materials used (i.e.

liquid solvent, chloride eutectic). Also, I have assumed that FLUOREX has toxicity as

the summation of that from Fluoride volatility and a tenth of that from the other aqueous

processes due to lower volume in the aqueous process.

Table 11: Maximum Credible Accident Toxicity, by technology
Technology Toxicity MCA
PUREX 7.1 × 109 0.14085
COEX 7.1 × 109 0.14085
Supercritical CO2 7.1 × 109 0.14085
UREX 7.1 × 109 0.14085
UREX+1 7.1 × 109 0.14085
UREX+2 7.1 × 109 0.14085
Fluoride Volatility 3.45 × 109 0.28986
FLUOREX 4.16 × 109 0.24038
LiCl-KCl 4.8 × 109 0.20833
NaCl-KCl 4.8 × 109 0.20833

5.1.6 Explosiveness

True or false scoring for explosiveness is given in Table 12. The explosiveness of a process

can be argued. For example, lithium is quite reactive with water and oxygen, but it does
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not exist in its pure state due to this behavior. Sodium is even more reactive. However,

the chloride form for both appears stable under given conditions.

Table 12: Explosiveness, by technology
Technology Explosive? EX
PUREX Yes 0
COEX Yes 0
Supercritical CO2 No 1
UREX Yes 0
UREX+1 Yes 0
UREX+2 Yes 0
Fluoride volatility No 1
FLUOREX Yes 0
LiCl-KCl No 1
NaCl-KCl No 1

5.1.7 Secondary Waste

Scoring for secondary waste generation is shown in Table 13. In determining secondary waste

volume, some technologies did not have data which were congruent enough to determine the

volumes. For those technologies, COEX, UREX, UREX +1 and UREX+2, the assumption

has been made that they will not produce more waste than the technology that they are

supposed to be improving upon. The UREX+ processes are designed to not produce high

level liquid wastes [22]. Supercritical CO2 values were determined as a ratio from PUREX

values based on estimates in the literature.

Table 13: Secondary Waste Generated, by technology
Technology Secondary

Waste Volume
m3 per kgHM

Liquid/Total SW

PUREX 0.38498 1 0.01323
COEX Not Stated 1 0.01323
Supercritical CO2 0.32082 1 0.09441
UREX Not Stated 1 0.01323
UREX+1 Not Stated 1 0.01323
UREX+2 Not Stated 1 0.01323
Fluoride volatility 0.00105 0.52381 0.73677
FLUOREX 0.39550 0.98736 0.00632
LiCl-KCl 0.45000 0 0.99997
NaCl-KCl 0.45000 0 0.99997
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5.1.8 Separate plutonium stream

Table 14 shows the scoring for the existence, or lack of, a separate plutonium stream.

Table 14: Separated plutonium stream, by technology
Technology Separate plutonium? SPu
PUREX Yes 0
COEX No 1
Supercritical CO2 Yes 0
UREX No 1
UREX+1 No 1
UREX+2 No 1
Fluoride volatility Yes 0
FLUOREX Yes 0
LiCl-KCl No 1
NaCl-KCl No 1

5.1.9 Decontamination Factor

The decontamination factors were described in the technologies chapter; table 15 shows the

decontamination factors and related scores.

Table 15: Decontamination Factor, by technology
Technology Decontamination Factor DF
PUREX 106 − 108 0.12500 - 0.16667
COEX 103 − 106 0.16667 - 0.33333
Supercritical CO2 104 0.25000
UREX 106 0.16667
UREX+1 104 − 107 0.14286 - 0.16667
UREX+2 104 − 107 0.14286 - 0.16667
Fluoride volatility 105 0.20000
FLUOREX 107 0.14286
LiCl-KCl 105 0.20000
NaCl-KCl 105 0.20000

5.1.10 Number of Effluent Streams

The number of effluent streams is simply a count of the different outputs from the process

as can be seen by the process flowcharts. Table 16 shows the number of effluent streams.
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Table 16: Number of effluent streams, by technology
Technology Number of effluent streams ES
PUREX 3 0.33333
COEX 2 0.50000
Supercritical CO−2 3 0.33333
UREX 3 0.33333
UREX+1 5 0.20000
UREX+2 6 0.16667
Fluoride Volatility 3 0.33333
FLUOREX 3 0.33333
LiCl-KCl 3 0.33333
NaCl-KCl 3 0.33333

5.2 Overall Scores

Recall, the overall score is calculated from the attribute scores and the weights as given

in Equation 4 (Background). Each technology will have its own overall score, U. When

assuming equal weight, the ωi, for each i is set equal to 0.1 (there are ten attributes);

overall scores are given in Table 17.

This equal weighting calculation shows that the COEX process with a U=0.45464 would

be selected followed by fluoride volatility process at U=0.43916.
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Table 17: Overall Scores with equal weight, by technology
Technology NS OT OP CM MCA EX SW
PUREX 0.12500 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
COEX 0.16667 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
Supercritical CO2 0.14286 1.00000 0.00714 0.50000 0.14085 1.00000 0.14353
UREX 0.16667 0.79901 1.00000 0.50000 0.14085 0.00000 0.07224
UREX+1 0.09091 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
UREX+2 0.07143 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
Fluoride Volatility 0.25000 0.48148 1.00000 0.10000 0.28986 1.00000 0.73693
FLUOREX 0.11111 0.48148 1.00000 0.10000 0.24038 0.00000 0.06688
LiCl-KCl 0.20000 0.44796 0.00013 0.10000 0.20833 1.00000 0.50000
NaCl-KCl 0.20000 0.37315 0.00013 0.10000 0.20833 1.00000 0.50000
Technology SPu DF ES U
PUREX 0.00000 0.12500 0.33333 0.32964
COEX 1.00000 0.16667 0.50000 0.45464
Supercritical CO2 0.00000 0.25000 0.33333 0.35177
UREX 1.00000 0.16667 0.33333 0.41788
UREX+1 1.00000 0.14286 0.20000 0.35459
UREX+2 1.00000 0.14286 0.16667 0.34930
Fluoride Volatility 0.00000 0.20000 0.33333 0.43916
FLUOREX 0.00000 0.14286 0.33333 0.24761
LiCl-KCl 1.00000 0.20000 0.33333 0.39898
NaCl-KCl 1.00000 0.20000 0.33333 0.39150
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CHAPTER VI

DISCUSSION

From the results, in the absence of preferences, or in the face of equal preferences, the

COEX technology would be chosen, assuming that the factors included as attributes in this

analysis are considered comprehensive by the decision maker.

6.1 Additional Weighting Analysis

We could instead assume that a decision maker has a preference for low operating temper-

atures, but is not concerned at all with number of steps involved. For this analysis, the

weights will be set such that ωOT = 0.5, ωNS = 0.0, and the other eight attributes all have

weights of 0.0625 (Table 18).

Table 18: Overall Scores with preference for ambient operating temperature, by technology
Technology NS OT OP CM MCA EX SW
PUREX 0.12500 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
COEX 0.16667 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
Supercritical CO2 0.14286 1.00000 0.00714 0.50000 0.14085 1.00000 0.14353
UREX 0.16667 0.79901 1.00000 0.50000 0.14085 0.00000 0.07224
UREX+1 0.09091 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
UREX+2 0.07143 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
Fluoride Volatility 0.25000 0.48148 1.00000 0.10000 0.28986 1.00000 0.73693
FLUOREX 0.11111 0.48148 1.00000 0.10000 0.24038 0.00000 0.06688
LiCl-KCl 0.20000 0.44796 0.00013 0.10000 0.20833 1.00000 0.50000
NaCl-KCl 0.20000 0.37315 0.00013 0.10000 0.20833 1.00000 0.50000
Technology SPu DF ES U
PUREX 0.00000 0.12500 0.33333 0.63571
COEX 1.00000 0.16667 0.50000 0.71123
Supercritical CO2 0.00000 0.25000 0.33333 0.64843
UREX 1.00000 0.16667 0.33333 0.60032
UREX+1 1.00000 0.14286 0.20000 0.56550
UREX+2 1.00000 0.14286 0.16667 0.56342
Fluoride Volatility 0.00000 0.20000 0.33333 0.46950
FLUOREX 0.00000 0.14286 0.33333 0.35846
LiCl-KCl 1.00000 0.20000 0.33333 0.43284
NaCl-KCl 1.00000 0.20000 0.33333 0.39544
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With a decision maker who strongly desires ambient operating conditions without con-

cern for number of steps, the chosen technology is COEX with a U=0.71123, followed by

Supercritical CO2 and PUREX.

Another example shows a decision maker with a strong preference for proliferation re-

sistance who thinks that a low Decontamination Factor and few Effluent Streams would

be best for minimizing risk, such that ωDF and ωES both = 0.3 and all other weights are

0.04444 (Table 19).

Table 19: Overall Scores with preference for proliferation resistance, by technology
Technology NS OT OP CM MCA EX SW
PUREX 0.12500 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
COEX 0.16667 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
Supercritical CO2 0.14286 1.00000 0.00714 0.50000 0.14085 1.00000 0.14353
UREX 0.16667 0.79901 1.00000 0.50000 0.14085 0.00000 0.07224
UREX+1 0.09091 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
UREX+2 0.07143 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
Fluoride Volatility 0.25000 0.48148 1.00000 0.10000 0.28986 1.00000 0.73693
FLUOREX 0.11111 0.48148 1.00000 0.10000 0.24038 0.00000 0.06688
LiCl-KCl 0.20000 0.44796 0.00013 0.10000 0.20833 1.00000 0.50000
NaCl-KCl 0.20000 0.37315 0.00013 0.10000 0.20833 1.00000 0.50000
Technology SPu DF ES U
PUREX 0.00000 0.12500 0.33333 0.26364
COEX 1.00000 0.16667 0.50000 0.37243
Supercritical CO2 0.00000 0.25000 0.33333 0.30542
UREX 1.00000 0.16667 0.33333 0.31350
UREX+1 1.00000 0.14286 0.20000 0.24521
UREX+2 1.00000 0.14286 0.16667 0.23435
Fluoride Volatility 0.00000 0.20000 0.33333 0.33148
FLUOREX 0.00000 0.14286 0.33333 0.23174
LiCl-KCl 1.00000 0.20000 0.33333 0.31362
NaCl-KCl 1.00000 0.20000 0.33333 0.31029

This decision maker would choose choose COEX at U=0.37243 followed by fluoride

volatility, as in the no weighting case; however, there is less difference between the overall

scores in this case.

In contrast, there are advantages to separating more streams for different effects on waste

management and possible reuse of fuel. Assume a decision maker has a strong preference

for more effluent streams, such that ωES = 0.5 and the other nine attributes have weights

of 0.0555. Additionally, the attribute for effluent streams in this case is ES′ = 1 − ES to
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reverse the scoring such that more streams result in a higher score (see Table 20). The

result is selection of the UREX+2 process followed by UREX+1 and fluoride volatility.

Table 20: Overall Scores with preference for many effluent streams, by technology
Technology NS OT OP CM MCA EX SW
PUREX 0.12500 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
COEX 0.16667 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
Supercritical CO2 0.14286 1.00000 0.00714 0.50000 0.14085 1.00000 0.14353
UREX 0.16667 0.79901 1.00000 0.50000 0.14085 0.00000 0.07224
UREX+1 0.09091 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
UREX+2 0.07143 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
Fluoride Volatility 0.25000 0.48148 1.00000 0.10000 0.28986 1.00000 0.73693
FLUOREX 0.11111 0.48148 1.00000 0.10000 0.24038 0.00000 0.06688
LiCl-KCl 0.20000 0.44796 0.00013 0.10000 0.20833 1.00000 0.50000
NaCl-KCl 0.20000 0.37315 0.00013 0.10000 0.20833 1.00000 0.50000
Technology SPu DF ES U
PUREX 0.00000 0.12500 0.33333 0.49795
COEX 1.00000 0.16667 0.50000 0.47480
Supercritical CO2 0.00000 0.25000 0.33333 0.51024
UREX 1.00000 0.16667 0.33333 0.54697
UREX+1 1.00000 0.14286 0.20000 0.58588
UREX+2 1.00000 0.14286 0.16667 0.60147
Fluoride Volatility 0.00000 0.20000 0.33333 0.55879
FLUOREX 0.00000 0.14286 0.33333 0.45237
LiCl-KCl 1.00000 0.20000 0.33333 0.53647
NaCl-KCl 1.00000 0.20000 0.33333 0.53231

A final example will assume that a decision maker needs to separate plutonium with

a high decontamination factor and is not concerned greatly with other attributes. To

construct the output, ωSPu′ and ωDF ′ will be set to 0.4 each while the other eight weights

are 0.02222. Like in the previous case, SPu′ = 1 − SPu and DF ′ = 1 − DF to reverse

the scoring logic. The resulting choice is PUREX followed by fluoride volatility (Table 21).

Note that this is not exactly the decision faced by those who went forward with the PUREX

process because the competing technologies have changed.

While examining discrete possible decision makers provides for some insight, such ex-

amination becomes an exercise without application when actual decision maker preferences

are unknown. To understand fully the spectrum of outcomes, analysis must be made over

a range of possibilities.
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Table 21: Overall Scores with preference for separating plutonium and high decontamina-
tion factors, by technology
Technology NS OT OP CM MCA EX SW
PUREX 0.12500 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
COEX 0.16667 1.00000 1.00000 0.50000 0.14085 0.00000 0.07224
Supercritical CO2 0.14286 1.00000 0.00714 0.50000 0.14085 1.00000 0.14353
UREX 0.16667 0.79901 1.00000 0.50000 0.14085 0.00000 0.07224
UREX+1 0.09091 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
UREX+2 0.07143 0.79901 1.00000 0.10000 0.14085 0.00000 0.07224
Fluoride Volatility 0.25000 0.48148 1.00000 0.10000 0.28986 1.00000 0.73693
FLUOREX 0.11111 0.48148 1.00000 0.10000 0.24038 0.00000 0.06688
LiCl-KCl 0.20000 0.44796 0.00013 0.10000 0.20833 1.00000 0.50000
NaCl-KCl 0.20000 0.37315 0.00013 0.10000 0.20833 1.00000 0.50000
Technology SPu DF ES U
PUREX 0.00000 0.12500 0.33333 0.82048
COEX 1.00000 0.16667 0.50000 0.40844
Supercritical CO2 0.00000 0.25000 0.33333 0.77262
UREX 1.00000 0.16667 0.33333 0.40027
UREX+1 1.00000 0.14286 0.20000 0.39626
UREX+2 1.00000 0.14286 0.16667 0.39508
Fluoride Volatility 0.00000 0.20000 0.33333 0.81315
FLUOREX 0.00000 0.14286 0.33333 0.79470
LiCl-KCl 1.00000 0.20000 0.33333 0.38199
NaCl-KCl 1.00000 0.20000 0.33333 0.38033
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6.2 Monte Carlo Analysis

Monte Carlo analysis allows for the consideration of the range of possibilities in a case of

uncertainty. For this analysis, the technological attributes are taken as a given and the

utility for decision makers for each attribute, or the weights, is uncertain. In order to

analyze the multitude of possibilities, a model of the decision methodology was built in

Decision Programming Language (DPL 6.0), and then a Monte Carlo analysis was run.

6.2.1 Model in Decision Programming Language

The model (Figure 11) is built with technologies as the decision based on the attributes

and weights which form the overall score. The decision shows up as a square, calculations

and constants shows up as rounded rectangles, and continuous chances (Monte Carlo) are

represented by ovals. The decontamination factor is continuous chance with a uniform

distribution (flat line representing equal chance for any value) for those technologies which

had a range of decontamination factors presented in the literature. Each weight is also

continuous chance; weights are ranged from 0 to 1 as a triangular distribution with a max

at 0.1 (no preference).

6.2.2 Results

When the Monte Carlo analysis is run, the uncertainty in the decontamination factor

(ranges) and in the weights (distributions) is analyzed by rolling the dice for each of these

nodes. For each technology, DPL runs through the decision tree (Figure 12); at each chance

node, dice are rolled one million times before moving to the next node.

The result is the overlapping curves showing where the technologies are likely to score.

The high degree of overlap shows that the results are similar enough that no one technology

completely dominates or is dominated, see Figure 13.

6.3 Sensitivity Analysis

The model in the decision software, DPL, also allows for sensitivity analysis. Sensitivity

analysis is very important when making decisions with uncertainty. If changing a value

causes a different outcome, it is imperative that the true value, or best approximation,
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Figure 11: Model in DPL

Figure 12: Decision Tree in DPL
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Figure 13: Monte Carlo Result
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of that value be known. Sensitivity analysis can also inform the decision maker when a

variable could be ignored. Variables which do not alter the outcome, when changed within

reasonable limits, can be ignored to simplify the decision.

DPL displays sensitivity data in a tornado diagram (Figure 14). To generate this dia-

gram, the values which are to be analyzed are selected at a ‘base’ value and allowed to vary

between selected endpoints while holding all other variables at their ‘base’ value. The white

area shows that there is no change from the ‘best’ choice from the base values when the

weight in question is varied. A change in color shows that a different ‘best’ choice will exist

once the weight in question reaches the point where the color change begins. Sensitivity

analysis does not show what the new best choice will be; it only shows that varying weights

can change the outcome, some more than others.

Figure 14: Sensitivity Analysis for Weights

6.4 Future Work

Future work should determine actual preferences. Determination of actual preferences of

decision makers could prove difficult for an outside researcher; however surveys of decision
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makers could be useful if a proxy for the attributes is used so that the decision maker

would clearly understand the meaning of the attribute terminology. Additionally, historical

analysis of preferences in time periods where decisions were previously made on a processing

technology could prove useful. An example was shown above where the most important

attribute is separation of plutonium; in this case, the presented methodology for ‘SPu’ and

‘DF’ is inverted. In such an analysis, PUREX scores better than other technologies, but

these technologies are different from those which actually competed with PUREX at the

time. This is a simplistic example of how historical analysis could be used to investigate

the robustness of the methodology. Historical analysis could also offer improvements and

additions to the methodology’s attributes.
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CHAPTER VII

CONCLUSIONS

In this work, a decision methodology based on Multiattribute Utility Theory for applica-

tion to a reprocessing technology choice was presented. The methodology examines ten

attributes applicable to reprocessing; each attribute is scored, and each can be assigned

a particular utility weight, ω. When no preferences are stated, the technology chosen is

the COEX technology, followed by fluoride volatility. When preferences are introduced for

operating temperature and proliferation the top choice remains COEX (with changes in the

second ranking choice and differences in overall scores). When preferences are stated for

more effluent streams, the choice becomes UREX+2. Additionally, in a case where it is de-

sired to separate plutonium and have high decontamination factor, the PUREX technology

is chosen. These are examples of how a decision maker might apply their utility function

for reprocessing technology attributes to this methodology.

Due to the imposed circumstances put forth by the U.S. Congress [23], a decision must

be made by the Department of Energy for a reprocessing path forward by next year. This

is one attempt to organize the decision making process; improvements and additions can be

made to this model. More work is necessary in this area to ensure that technological lock-

in is not forced by undeveloped, possibly superior, technologies and uninformed decision

makers [25].
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